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N-linked glycosylation modulates protein folding and stability through a variety of mechanisms. As such there is considerable interest in the development of general rules to predict the structural consequences of site-specific glycosylation and to understand how these effects can be exploited in the design and development of modified proteins with advantageous properties. In this study, expressed protein ligation is used to create site-specifically glycosylated variants of the bacterial immunity protein Im7 modified with the chitobiose disaccharide (GlcNAc-GlcNAc). Glycans were introduced at seven solvent exposed sites within the Im7 sequence and the kinetic and thermodynamic consequences of N-linked glycosylation analyzed. The ΔΔG°values for glycan incorporation were found to range from þ5.2 to −3.8 kJ·mol −1 . In several cases, glycosylation influences folding by modulating the local conformational preferences of the glycosylated sequence. These locally mediated effects are most prominent in the center of α-helices where glycosylation negatively effects folding and in compact turn motifs between segments of ordered secondary structure where glycosylation promotes folding and enhances the overall stability of the native protein. The studies also provide insight into why glycosylation is commonly identified at the transition between different types of secondary structure and when glycosylation may be used to elaborate protein structure to protect disordered sequences from proteolysis or immune system recognition. C ovalent protein modifications modulate and diversify the structures and functions of the naïve protein products that are encoded by the genome (1) . Amongst the many varied transformations, N-linked glycosylation is perhaps the most chemically complex and ubiquitous occurring throughout all domains of life (2, 3) . The large hydrophilic glycans that are appended to proteins have been implicated in a myriad of biological processes (4), including modulation of protein stability, oligomerization, and aggregation (5, 6) , endoplasmic reticulum (ER) quality control and protein trafficking (7) , host cell-surface interactions (8) , and to modulate enzyme activity (9) . In particular, the cotranslational timing of eukaryotic N-glycosylation and the profound impact of the modification on protein folding has inspired the application of experimental (10) , computational (11) , and bioinformatic (12) approaches targeted at developing general paradigms that can be implemented to define and manipulate glycosylation-induced effects on protein structure and, further, to establish a glycosylation code (13) as a predictive tool. These approaches are of significant fundamental importance as protein modifications, such as glycosylation, take center stage in our understanding of complex systems from both a fundamental viewpoint as well as in the application of glycoprotein therapeutics in modern medicine (14) .
There are major impediments to the detailed analysis of the effects of glycosylation on protein folding and stability. Most natively glycosylated proteins are large, multisubunit, and/or membrane-associated complexes that are currently immensely challenging to study at the level of detail that would provide discrete information on the site-specific effects of glycosylation. Furthermore, biophysical studies are hampered by the limited availability of chemically defined materials for analysis, which is largely due to the intrinsic heterogeneity both of the glycan structure and the specific site occupancy of the glycan in natively or heterologously expressed glycoproteins. For these reasons, there has been a considerable focus on the conformational analysis of defined glycopeptides, which can be prepared via chemical synthesis (15) . Such studies have revealed that N-linked glycans can directly influence local peptide conformation, for example, by promoting the formation of more compact structures (16) and modulating disulfide bond formation (17) . There is significantly less known, however, about the effects of glycosylation with specific sugar moieties on the stability and folding kinetics of fulllength proteins. Recent advances in methods for expressed protein ligation (EPL) have begun to provide opportunities for the assembly of site-specifically modified glycoproteins (18) , which in turn affords discretely glycosylated proteins for in-depth analysis.
As part of an initiative to derive general paradigms for dissecting and predicting the physical effects of N-linked glycosylation on protein folding landscapes, we present a detailed biophysical analysis of the effect of site-specific modification of the four helical protein Im7 with the N-glycan chitobiose (Fig. 1 ). This small, globular 87-residue protein, which lacks disulfides or proline cis-imides, is an ideal target for assembly via EPL to prepare chemically homogeneous, site-specifically glycosylated proteins for analysis of folding and stability. Moreover previous analyses have provided an excellent understanding of the folding landscape of Im7 in atomistic detail (19) (20) (21) . Im7 is known to fold via a three-state mechanism (Fig. 2) involving a rapid desolvation and collapse of the unfolded protein to an on-pathway three helical intermediate, followed by a slower transition in which a specifically packed hydrophobic core is adopted (19, 21) . This characteristic is particularly relevant for the current studies, because glycosylation has been proposed to exert an effect on folding via destabilization of the unfolded state, rather than a stabilization of the folded state (11, 22) . Therefore, the ability to dissect the folding landscape of Im7 offers the opportunity to derive insight into the influence of glycans on the rate and mechanism of adoption of native and nonnative compact folded states.
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In these studies, two EPL strategies are used to create seven glycosylated Im7 variants with Asn-chitobiose (Asn-GlcNAc 2 ), at positions 5, 13, 20, 27, 60, 73, or 78 (Fig. 1) . The sites were selected based on the known structure of Im7 to represent surface sites where glycosylation would not interfere with the interior core of the protein and to encompass different structural regions. These included sites in extended regions or loops (5, 27, and 60), sites at the N or C termini of helices (13 and 78), and sites within α-helices (20 and 73) ( Table 1) . Additionally, the sites vary in the mobility of the α-carbon of the modified residues as shown by their crystallographic B factors (Table 1 ). For each glycosylation site, we analyzed the conformational properties, stability, and folding kinetics of the semisynthetic glycoproteins and compared these properties with those of the corresponding pseudo-WT variants, which differed only by the absence of the appended glycan. Although N-linked glycoproteins are generally modified with considerably larger glycans (3), the truncated chitobiose disaccharide is a useful and relevant model because it is common to all eukaryotic N-linked glycoproteins and has been shown to exhibit a strong effect on the local peptide structure, even without the rest of the glycan structure (10, 17) . In addition, whereas the mechanism of N-linked glycosylation requires a conserved AsnXaa-Ser/Thr motif, here we have focused exclusively on defining the effect of the glycan on folding and stability and therefore have not included the auxiliary hydroxyamino acid in the Im7 mutations.
In parallel with the experimental studies, a series of replica exchange molecular dynamics (REMD) simulations (23) were performed on a family of relevant glycosylated and nonglycosylated heptapeptides in order to determine how the dihedral angle preferences of the target asparagine are altered by glycosylation. Together the results reveal that N-linked glycosylation alters the folding rate and stability of Im7 in a site-specific manner that depends critically on the secondary structure at the site of modification. Overall the studies provide general guidelines to inform where the introduction of N-linked glycosylation could be used to modulate the properties of the folding polypeptide chain without compromising the overall structure of the modified protein.
Results
Semisynthesis of Homogeneously Glycosylated Im7 Variants. EPL was used for the semisynthesis of milligram quantities of seven discretely glycosylated Im7 variants in which a natural or introduced Asn was modified with chitobiose at positions 5, 13, 20, 27, 60, 73, or 78 ( Fig. 1 and SI Text) . The glycosylated A29C A13N variant was prepared by ligation between synthetic (glyco-N13) Im7(M1-A28) C-terminal thioester and the expressed Im7(C29-G87) peptide (24) . An analogous ligation between synthetic Im7ðMEH 6 E2-A28Þ glycopeptide thioesters and the expressed Im7(C29-G87) peptide (SI Text) was used to prepare N-terminal His-tagged analogs with glycosylation at residues 5, 20, and 27. Variants with glycosylation at residues 60, 73, and 78 were prepared using a strategy with disconnection at C59. This strategy involved ligation between an Im7ðMEH 6 E2-S58Þ peptide thioester (SI Text), prepared by recombinant expression via intein chemistry (25) , and a synthetic Im7(C59-G87) glycopeptide. The ligation sites (A29C and D59C) are solvent exposed and lack interresidue contacts, and therefore are unlikely to effect folding and stability.
Characterization of the Glycosylated Im7 Variants. The seven glycosylation sites were chosen to lie in different regions of the Im7 structure and to be solvent exposed, such that each variant should still fold to the native structure. The conformational properties of each new variant were assessed by fluorescence and CD spectroscopy and compared with WT Im7 (SI Text). The fluorescence of the single tryptophan (W75) is a sensitive probe of the Im7 native structure because W75 is highly fluorescent in the unfolded state and only weakly fluorescent in the native state as a result of close packing against H47 (26) . Fluorescence measurements under native and denaturing conditions (SI Text) showed that all of the Asn-containing pseudo-WT proteins and their glycan-modified derivatives fold to a native-like state. The nonglycosylated Im7 variants all showed far-UV CD spectra similar to that of WT Im7 (SI Text), indicating that none of the point mutations introduced had a significant effect on secondary structure content. The far-UV CD spectra of the majority of the glycosylated proteins (SI Text) were very similar to their nonglycosylated counterparts, with the exception of the glycosylated N20 variant, which showed a small but significant decrease in the α-helix signal. In this case, however, 1D 1 H NMR spectroscopy of the glycosylated N20 variant was also conducted and the spectrum shown to display similar chemical shifts to WT Im7, including three up-field shifted methyl peaks, which are highly characteristic of the native fold (21) . Interestingly, the glycosylation site of this variant is located within the center of an α-helix, where it may cause distortions to the local conformation, thereby slightly reducing the α-helical CD signal of the protein even though it retains a native fold.
Folding Analysis of Im7 Variants. To assess how glycosylation influences the folding and stability of the Im7 variants, the folding and unfolding kinetics of each variant were measured by urea titration experiments monitored by stopped-flow fluorescence spectroscopy (Fig. 3) . This method exploits the change in W75 fluorescence to probe the Im7 folding-unfolding transition (27) .
WT Im7 folds by a three-state mechanism in which the unfolded ensemble (U) folds to the native structure (N) via an on-pathway intermediate (I) that contains three of the four native helices I, II, and IV and is stabilized by both native and nonnative interactions ( Fig. 2) (19, 27) . As shown in Fig. 3 , the chevron plot for each Im7 variant can be fitted well to a three-state on-pathway model as described for WT Im7 (19, 27) . The rate and equilibrium constants and their associated urea-dependence (m value) obtained from fitting the kinetic rate and amplitude data to a threestate on-pathway model are summarized in Table 2 , together with the corresponding values for WT Im7. Examination of the folding parameters reveals that all seven glycosylated variants fold to a native-like state with a mechanism that is unperturbed relative to WT Im7. The β I and β TS2 values, which provide a measure of the relative compactness of the intermediate and second, ratedetermining transition state ensembles, respectively, for all variants are similar to those of WT Im7 (SI Text) providing further evidence that the folding mechanism is unperturbed by introduction of the N-glycans. Any changes in rate constants or stability, therefore, can be attributed to an effect of the introduced glycan on a common folding energy landscape. Significant changes are observed in the rate constants for folding-unfolding and in the stability of I and N, which are dependent on the precise location of the glycan. Four of the glycosylated variants (5, 13, 60, and 78) show a minimally perturbed profile with only small (<1.5 kJ· mol −1 ) changes in ΔG ∘ UI and ΔG ∘ UN associated with appending a glycan to the Asn residue and, correspondingly, no significant effects on the rate constants (Figs. 3 and 4, and Table 2 ). By contrast, glycosylation at residues 20 or 73, which are located in the center of helices I and IV, respectively, destabilizes the folding intermediate and the native state and also retards the observed rate of folding, predominantly by dramatically reducing K UI ( Table 2) . Incorporation of an N-linked glycan at residue 27, which is positioned in position one of a tight five-residue loop between helices I and II (Fig. 1) , stabilizes both the intermediate and native states (Fig. 4) and is the only variant in which introduction of the glycan increases the overall rate of folding. Taken together the results reveal that the introduction of a glycan has a striking and clear effect on the folding energy landscape that depends critically on the precise location of the modification.
Molecular Dynamics Simulations. A series of REMD simulations (23) were performed on a set of glycosylated and nonglycosylated heptapeptides in which the (experimentally introduced) glycosylation sites are the central residues, to assess whether the effects of introduction of a chitobiose on the protein folding landscape could be attributed to conformational effects in the local peptide sequence. Table 3 summarizes the ϕ∕ψ dihedral angle sampling probabilities of the target Asn and glyco-Asn in each of the peptides studied. The implications of these studies are discussed in detail below.
Discussion
Analysis of the folding properties of the Im7 variants highlights general principles that can be applied when considering potential effects of introducing glycosylation into a native protein of known structure.
Glycosylation Perturbs α-Helical Structure. N-linked glycosylation is not frequently observed within α-helical secondary structures. In a recent survey of known glycosylation sites in the Structural Assessment of Glycosylation Sites database (28) , there are 1,184 nonredundant occupied glycosylated sequons, only 88 (7%) of which are designated to be within α-helices. Of these 88 sites, only 24 (27%) are found in the center of ordered α-helices. Of the remaining sites, 9 (10%) fall in a one-turn helix, 32 (36%) are at the C terminus of an α-helix, 12 (14%) are at the N terminus, and the remaining 11 (13%) are in distorted α-helices. It is also noteworthy that, in the small number of glycosylated sequons that fall within ordered helices, there is commonly a relatively small residue (G, A, or S) located either adjacent to the glycosylation site or at the (i AE 3) and (i AE 4) positions relative to the site. This observation suggests the importance of compensatory steric effects that may exist to accommodate glycosylation within α-helices.
In the K20N and K73N Im7 variants, the glyco-Asn is located at the center of α-helices I or IV, respectively (Fig. 1) , and in both of these variants the local sequences (K20N: VQLLNEIEK and K73N: VKEINEWRA) include mainly large amino acids that may not easily accommodate the modification within an ordered α-helix. Examination of the B factors for WT Im7 (Table 1) shows that the values for the α-carbons of these residues are low (14.16 and 13.82 A 2 ) suggesting that there is little tolerance in the backbone conformation for the imposed bulk of the glycan. The far-UV CD spectrum of the K20N-glyco variant showed a decreased α-helix signal (SI Text) further suggesting that the glycan may cause local distortion of the helix. Significantly, for both K20N and K73N glycosylation led to destabilization of the protein with ΔΔG ∘ UN values of 5.2 AE 0.7 kJ∕mol for K20N-glyco and 4.8 AE 0.6 kJ∕mol for K73N-glyco (Fig. 4 and Table 2 ). This destabilization is predominantly due to the glycan influencing early steps in folding, as shown by the decreased K UI , however glycosylation of the K20N variant also increases the rate constant for unfolding (k NI ) ( Table 2 ). The experimental observation that glycosylation negatively impacts the collapse of the unfolded to the intermediate state is supported by the REMD simulations (23) which enabled us to map the free energy landscape of each peptide representing the K20N and K73N variants, with and without the glycan, at 280 K. To quantify the change in local conformational preferences upon glycosylation, the ϕ∕ψ-propensities of the central Asn residue in each peptide in both the glycosylated and nonglycosylated forms were compared ( Table 3) . The simulations show that even in the short heptapeptide sequences corresponding to the glycosylation site in the K20N and K73N variants there is a significant reduction in α-helical propensity upon introduction of the glycan moiety.
Glycosylation is Well Tolerated at the Termini of α-Helices. Residues 13 and 78 are located near the N and C termini of helices I and IV, respectively (Fig. 1) . In previous studies, the substitutions A13G and A78G were shown to be destabilizing (ΔΔG ∘ UN ∼ 2-5 kJ· mol −1 ; ref. 27 ) consistent with entropic stabilization of the unfolded state. For the variants in this study, the glyco-Asn is preceded or succeeded by a turn or loop structure and, therefore, unlike the K20N and K73N variants, there is space to accommodate the introduced glycan. REMD simulations of the heptapeptides including these sites suggest that glycosylation may alter the conformational preferences of the local peptide sequences (Table 3) . However, it appears that introduction of glycosylation at these sites in the protein does not have a significant effect on stability or the folding-unfolding rate constants perhaps because in this case the local structure can adapt to accommodate the modification without perturbing the overall structure.
The minimal effect of glycosylation at the termini of α-helices in these studies underscores a commonly observed principle, which is well documented in statistical analyses of glycoprotein structures, that there is an elevated probability of finding glycosylation sites where there is a change in secondary structure (12) . Additionally, when glyco-Asn is found associated with α-helical structures, the most common placement is at the helix termini. As noted above, of the 88 nonredundant N-glycosylation sites documented to be in α-helices, 50% are at helix termini and an additional 14% are in single-turn helices (28) .
The Effect of Glycosylation in Loops and Turns is Dependent on the
Residue Location and Conformational Flexibility. Residues 5, 27, and 60 are in regions of WT Im7 that do not adopt regular secondary structure ( Fig. 1 and Table 1 ), and the three Im7 variants (N5, V27N, and N60) studied in these regions have moderate to high conformational mobility as defined by B factors derived from the structure analysis of WT Im7 (Table 1) . V27N is unique within the set of Im7 analogs because it is the only variant in which glycosylation clearly promotes the rate of folding and enhances stability. Whereas previous studies have reported only small changes in ΔΔG ∘ UN upon mutation at position 27 (21, 27) , in this case, the presence of the glycan led to stabilization of the protein with ΔΔG ∘ UN value of −3.8 AE 0.9 kJ∕mol (Fig. 4 and Table 2 ). Examination of the kinetic data reveals that this effect results predominantly from stabilization of I by the glycan (increased K UI , Table 2 ). Such a dramatic stabilization is unusual for substitution of only a single amino acid at a surface exposed site (29) .
Analysis of the structures of nonredundant glycosylation sites established that the prevalence of N-linked glycosylation in ordered turn or coil structures which link two elements of secondary structure is more favorable than predicted from sequence alone (12) . Additionally, fluorescence (16) and NMR (30) studies of peptides and their corresponding glycopeptides have revealed that glycosylation promotes the adoption of compact turn structures. Significantly, recent studies on the adhesion domain of the human immune cell receptor cluster of differentiation 2 (hCD2ad), a small domain with β-sandwich topology that is natively glycosylated at the (i þ 2) residue of a type I β-turn, revealed that glycosylation has a dramatic effect on protein folding Data were acquired at 10°C in 50 mM sodium phosphate (pH 7.0) and 0.4 M Na 2 SO 4 . Errors were calculated as described previously (19) .
rate and stability (10) . In these cases, the observed effects of glycosylation may result from a shift in backbone dihedral angle preferences of the modified residue, a reduction in the conformational space available to the peptide in the vicinity of the introduced glycan that results in a loss of conformational entropy (22) , or the adoption of new, favorable noncovalent interactions between the glycan and the local peptide sequence. Because the major effect of the glycan on folding and stability of the V27N Im7 variant is manifested early in folding, during formation of the intermediate state, we focus on consideration of the first two effects. In native Im7, V27 is designated as adopting a coil conformation (ϕ ð−Þ101.34°, ψ ðþÞ15.50°) ( Table 1 ) and falls in the region of the Ramachadran plot between typical α-helix and β-strand ϕ∕ψ dihedral angle space. Examination of the REMD simulation results reveals that glycosylation reduces the propensity of asparagine to adopt right-handed α-helical structures (Table 3 and SI Text) and appears to increase the population with β-sheet dihedral angles. Therefore, part of the effect of glycosylation may be to shift the ϕ∕ψ angle preferences in a way that promotes the early folding process, which subsequently results in adoption of the collapsed intermediate state. However, because the molecular dynamics simulations on the simple heptapeptides do not directly account for the observed effect on Im7 folding, it is likely that for V27N that there must be involvement of a more extended stretch of the protein sequence and therefore more detailed simulations may be needed to provide a better prediction of the effects. For the V27N variant, an additional outcome of glycosylation is likely the promotion of the native structure because this conformation would relieve unfavorable steric clashes. To provide an indication of the steric encumbrance associated with glycosylation, we have modeled the Asn-chitobiose into position 27 of Im7 and depict a composite figure with the glycan in the three preferred orientations (Fig. 5) (31) .
Finally, glycosylation of N5 and N60, shows only minor stabilizing effects (∼1 kJ·mol −1 ) on the overall stability of these Im7 variants (Fig 4 and Table 2 ). These analogs share selected properties, which may account for the absence of significant effects. In both cases, the B factors are relatively large, 28.79 and 45.63 A 2 for N5 and N60, respectively, in WT Im7, and the Asn side chains in the native protein are fully surface exposed with minimal interactions with the rest of the protein structure as evidenced by the solvent-accessible surface area parameters for these two residues (Table 1) . Additionally, both N5 and N60 are near disordered residues in the native structure. Specifically, L3 and K4 as well as S58 and D59 are disordered in the X-ray analysis of Im7. Therefore, although the REMD simulations suggest that glycosylation may have an effect on the local peptide conformational preferences, such changes could be easily tolerated both during folding and within the native fold. From a practical perspective, even when not affecting folding or stability, N-linked glycosylation could potentially be used to advantage in relatively disordered sites such as N5 and N60 because the glycan could protect the disordered sequences of the protein from proteolysis or immune system recognition, which are well-documented consequences of N-linked glycosylation (4) .
Conclusions N-linked glycosylation presents opportunities to modulate protein folding by mechanisms that are distinct from modifications that are designed to alter the packed core of the protein structure. In addition, there is considerable interest in the development of general rules to predict the specific structural, kinetic, and thermodynamic consequences of site-specific glycosylation and to understand how these rules can be exploited in the design and development of modified proteins with advantageous properties.
Detailed biophysical analysis of the effect of N-linked glycosylation on small proteins and protein domains provides valuable information that can be applied toward understanding and predicting the potential effects of glycosylation in larger systems, which may be intractable to analysis in atomistic detail because of the complexity of the system or the inability to produce suitable quantities of homogeneously glycosylated proteins for analysis. Recent analysis of the effect of N-linked glycosylation on hCD2ad revealed that the modification has a dramatic effect on the protein folding rate and stability (10) . Furthermore, in silico folding studies of glycosylated variants of the β-sheet-rich SH3 domain support the proposal that N-linked glycosylation influences the protein folding landscape by modulating the collapse of the unfolded state to afford intermediates along the folding pathway Table 3 . Conformational preferences of Asn and glyco-Asn residues at the (experimentally introduced) glycosylation sites in heptapeptide sequences, depicted as percent of conformers in α-helix, β-sheet, or turn∕α L conformations (see SI Text for definitions) Structures with dihedral angles not in one of these categories comprised <0-4% of the conformational ensembles. The data were obtained from a backbone dihedral angle analysis of structures generated using REMD simulations of Im7 heptapeptide subsequences. Fig. 5 . Representation of glycosylated Im7 with chitobiose-Asn at position 27. The illustration depicts Im7 in a ribbon representation with mesh spacefilling surface. The sugar was treated as a rigid body. The χ 1 angle set to each of the known preferred orientations: ð−Þ60°(pale blue), ðþÞ180°(purple), and ðþÞ60°(turquoise), and χ 2 is set to 0° (32) . The illustration was created using the Im7 structure (1AYI) (32) in which residue 27 was replaced with chitobiose-Asn.
(11). In the current study, using Im7 as a model all α-helical protein, we have shown that N-linked glycosylation effects protein folding rates and stability in a tunable manner that is predictable based on knowledge of the native protein structure and the effect of glycosylation on local sequence preferences. This information provides the framework for further fundamental studies of the effects of glycosylation on protein behavior, as well as the route toward practical applications in the production of proteins with customized properties.
Methods
Structure, Sequence, and Numbering of Im7. The Im7 Protein Data Bank code is 1AYI (32) . Im7 figures were rendered using Chimera (University of California, San Francisco). The residue numbers listed throughout this paper are those of the untagged protein, where (E 2 ) corresponds to the second residue of the protein (27) .
Expression and Purification of Im7 Variants. Cloning, expression and purification of Im7 variants is described in the SI Text.
Semisynthesis of Glycosylated Im7
Variants. Fmoc-Asnðchitobiose-TBDMS 5 Þ-OH was prepared as described previously (33) . The glycosylated Im7 variants were prepared via ligation of recombinant peptides and synthetic glycopeptides as summarized in Fig. 1 and detailed in the SI Text. The synthesis and purification of the Im7(C59-G87) glycopeptides and the Im7ðMEH 6 E2-A28Þ glycopeptide thioesters, the cloning of Intein Im7(C29-G87) construct, the expression and purification of Im7(C29-G87) peptide, and the conditions for EPL are described in the SI Text. The EPL reaction was carried out under native conditions, and the full-length glycoprotein product was isolated using preparative RP-HPLC, shown by analytical RP-HPLC to be greater than 95% in purity, and characterized by electrospray ionization-MS (SI Text).
Circular Dichroism of Im7 Variants. Far-UV CD spectra were acquired on an Aviv Model 202 spectropolarimeter in buffer A (50 mM sodium phosphate, 400 mM sodium sulfate, 1 mM EDTA, pH 7) at 25°C. Im7 concentrations were standardized using UV absorbance at 280 nm under denaturing conditions (Im7 ϵ 280 nm ¼ 9;700 M −1 cm −1 ).
Fluorescence Spectroscopy of Im7 Variants. Fluorescence emission spectra of the Im7 variants were measured using a Photon Technology International Fluorimeter as described previously (21) . Spectra of all denatured states were assumed to have the same maximum intensity at 350 nm. The spectrum of each native protein was normalized to the intensity of the respective denatured state, allowing direct comparison of the fluorescence intensity between variants.
Stopped-Flow Fluorescence Studies of Im7 Variant Folding. Kinetic measurements and analysis of the Im7 variants were based on approaches previously reported for Im7 (19, 21) . Folding-unfolding measurements were carried out on an Applied-Photophysics SX1.8MV stopped-flow fluorimeter. Details of the experimental protocols and analysis can be found in the SI Text.
Replica Exchange Molecular Dynamics Simulations. REMD simulations of heptapeptides corresponding to local sequence at the seven glycosylation site, in both glycosylated and nonglycosylated forms, were performed using CHARMM 33b2 (34) with the GBSW (Generalized Born with a smooth SWitching function) force field (35) . Parameters for the chitobiose glycan were based on similar chemical groups in the existing CHARMM22 (36) force field and carbohydrate solution force field (37) carbohydrate parameter set whenever possible, and others were derived from previous work on O-linked glycosylation (38) . For each peptide, these simulations were carried out at 16 exponentially spaced temperatures (ranging from 280 to 700 K) for 25-70 ns, depending on the convergence of the simulations as calculated from 5 or 10 ns block averages (see SI Text).
